We investigate a magnetization-dependent voltage that appears at the interface between garnets and various metals. The voltage is even in the applied magnetic field and is dependent on the surface roughness and the pressure holding the surfaces together. Large variations in the size, sign and magnetic dependence are observed between different metal surfaces. Some patterns have been identified in the measured voltages and a simple model is described that can accommodate the gross features. The bulk magnetoelectric response of one of our polycrystalline YIG samples is measured and is found to be consistent with a term in the free energy that is quadratic in both the electric and magnetic fields. However, the presence of such a term does not fully explain the complex magnetization dependence of the measured voltages.
I. INTRODUCTION
Surface magnetoelectric effects are of considerable interest and have been the subject of a number of recent investigations. [1, 2] Enhanced magnetoelectric couplings have been observed in bilayers of yttrium iron garnet (YIG) and lead magnesium niobate-lead titanate. [3] Large magnetoelectric couplings have been studied in new multiferroic materials. [4, 5] Much of the renewed interest in the magneto-electric effect has been driven by the possibility of using this effect for controlling magnetic data storage with an electric field. [6, 7] An effort to measure the electron electric dipole moment (edm) using gadolinium doped YIG is underway. [8] Presently, the experimental precision is limited by an unanticipated electrical potential, dubbed the "M -even effect", that is predominantly symmetric in H, the applied magnetic field. With the hope of overcoming this obstacle, we have launched an investigation into the characteristics of this potential. The effect is observed to be highly sensitive to the roughness of the garnet surfaces and the pressure applied to hold these surfaces together. A complex magnetic dependence is observed that varies dramatically with the composition of the metallic electrode or epoxy in immediate contact with the garnet surface. Overwhelmingly, the evidence suggests that the effect is a surface magnetoelectric effect.
II. OBSERVATIONS IN GdIG TOROIDS
We first observed the M -even effect in the magnetic toroid designed to search for the electron edm (Fig. 1) . The sample was assembled from two "C"s of gadolinium-yttriumiron-garnet (Gd x Y (3−x) Fe 2 Fe 3 O 12 ) that were geometrically identical. "C1" had x = 1.35 while "C2" had x = 1.8 where x represents the average number of Gd ions per formula unit.
Copper foil electrodes were bonded between the two "C"s using silver epoxy. A coil wrapped on the outside of a copper Faraday cage was used to produce H in the toroidal direction.
The voltage on each electrode was monitored using a detector built with a Cascode pair of BF 245 JFETs. The detector has an input impedance of 10 13 Ω and an input capacitance of about 4 pF.
A hysteresis curve inferred from coils wrapped on the toroid is shown in Figure 2 . It is important to keep this curve in mind when viewing the subsequent data, which are generally plotted as a function of the applied magnetic field. In the toroid, the magnetization is nearly saturated at applied fields of only a few tens of Oersted.
To investigate the M -even effect we monitor the electrode voltages and the sample magnetization as a function of the applied field H, which is varied using a triangular wave. A typical trace is shown in Fig. 3 . The bumps in the triangle wave at approximately t = −1.2 s and t = 0 s are due to the back emf associated with the reversal of the YIG magnetization.
We find that such traces are best understood by splitting them into "even" and "odd" components. Denoting the electrode voltage by a function V (t) with period T , we define the even and odd components of V (t) to be 
It is clear that V (t) is completely specified over its entire period T by specifying V EVEN (t) and V ODD (t) over a half-period T /2. The process of computing the even and odd components of the electrode voltage is illustrated graphically in Figure 4 .
The primary benefit of analyzing the data in this fashion is that the current in the driving coil has a vanishing even component, and consequently inductive voltages on the electrodes should show up in the odd component only. Figure 5 shows the even and odd components of the trace analyzed above plotted as a function of the applied field, as well as the voltage measured by a pickup coil wound around the toroidal Faraday cage enclosing the sample, and the sample magnetization inferred from integrating the pickup coil voltage.
Transient induction pulses due to dB/dt appear clearly in the odd component of the electrode voltage. They quickly approach a constant value associated with dH/dt after the reversal of the magnetic domains. As Figure 5 demonstrates, this behavior also appears in the voltage measured across the pickup coil, suggesting that the odd component is primarily or entirely inductive in nature. As one expects, the magnitude of the odd component grows linearly with increasing scan frequency. wave. The persistence of the M -even voltage with the increasing applied field is particularly problematic for the edm measurement. Though the effect appears to be strongly dependent on the sample magnetization, we find it more illuminating to plot the voltage as a function of the applied magnetic field as this more clearly displays the problematic 1/H dependence.
After the submission of ref. [8] we disassembled our sample and repaired several flaws.
A small chip that had been present on C2 was removed by grinding down the top surfaces.
This reduced the toroid height by 3/16". The epoxy was baked off, the electrodes were removed and the interstitial garnet surfaces were ground flat. New electrodes with more secure connections were then bonded to the sample with a new silver epoxy. Following the reassembly we again measured the M -even effect. Somewhat surprisingly, the reassembled sample exhibited an M -even effect that was smaller by about a factor of 5 ( Fig. 6 ). This suggested that the effect was likely not a bulk effect but was rather associated with the surface between the garnet and the electrode.
III. EXPERIMENTAL STUDY OF THE M -EVEN EFFECT ON YIG CYLINDERS
Following this observation, we launched an effort to characterize the effect. First, we established that the M -even effect is present at room temperature in an electrode sandwiched between two cylindrical samples (1.25" diameter, 2" long) of YIG (Fig. 7) . This is important in that these cylindrical samples can be easily inserted into a solenoid magnet to study their behavior. Hence, it is not necessary to wrap a new coil for every test. In addition, operation at room temperature eliminates the time-consuming process of cycling the temperature between tests. These advantages have allowed us to study the effect in a wide variety of A typical trace of the M -even voltage taken in this new geometry is shown in Fig. 8 along with a plot of the sample magnetization. In this figure and in most of the reported traces the data are an average of several independent and reproducible measurements taken on different days. The trace is essentially the signal you would observe if you scanned the applied magnetic field from -600 Oe up to 600 Oe with the odd part of the signal removed.
Note that the shape of the M -even potential is different from that observed in the toroid. This is primarily due to the demagnetizing fields that are present in the solenoid but absent in the toroid. In the cylindrical geometry, the magnetic domains begin to relax as the magnitude of magnetic field is reduced whereas in the toroidal geometry some coercive field is required in the opposing direction before significant reduction and then reversal of the magnetization is observed. For this reason, we now display the entire plot rather than just that for increasing field as was done in Figure 6 .
We first studied the pressure-dependence of the M -even effect for metallic electrodes placed between the two YIG cylinders. The pressure is varied by adjusting the tension on the 4 stainless-steel rods that hold the assembly together (Fig. 7) . Reproducible pressures can be achieved by plucking these rods and tuning their response to a particular frequency.
We have determined the pressure that corresponds to each frequency both empirically and by calculation. All samples have been observed at multiple pressures. We find that for modest pressures (less than 300 psi), the magnitude of the M -even voltage generally decreases as the pressure increases. However, we observe only modest change in the M -even effect at higher pressures (300 psi -800 psi). A typical variation in this pressure regime is shown in Fig. 9 .
We also studied the effect as a function of the roughness of the YIG surfaces facing the electrode and discovered that the effect diminishes in size as the surfaces become rougher, at least up to a point (Fig. 10) . [9] We speculate that in the process of roughening the surface, certain crystal orientations may be more likely to be removed from the surface. The remaining, more durable crystal orientations might then dominate the surface magnetoelectric and magneto-mechanical effects. Alternatively, it may simply be that the size of the effect is proportional to the fraction of the surface that is in direct contact with the We measure the voltages produced on a variety of metallic electrode materials and find a wide range of different M -even responses. Copper and palladium yield M -even curves that are virtually identical (Fig. 11) . Stainless steel and tantalum produce curves of similar shape but different amplitude (Fig. 12) . They both exhibit a characteristic "blip" as the magnetization approaches saturation. Silver has a large central maximum, but exhibits an abrupt change of sign as the magnitude of M is increased, followed by a large negative tail as the sample approaches saturation (Fig. 13) . The "poor metals" (aluminum, indium and tin) produce M -even voltages that have the same shape as silver, but with the opposite sign surface roughness tester. In both cases copper electrodes were bonded to the YIG surfaces using silver epoxy.
( Fig. 14) .
Ferromagnetic electrodes (Fe, Ni and Co) tend to produce M -even voltages that have sharper low field peaks and more modest amplitudes, especially at higher applied fields (Fig. 15) . Cobalt clearly displays additional structure that is only suggested in the other plots.
Other hard non-magnetic electrodes (Nb, Mo, Ti and W) produce small low-field peaks and rather complex shapes similar to cobalt (Fig. 16) . However, the voltage amplitude tends to decay slowly as the applied field is increased. The high-field M -even signals for these metals are strikingly similar.
Further evidence that the effect is primarily produced at the garnet-metal interface is provided by measurements with plated electrodes. Fig. 17 shows the M -even effect observed on tin-plated nickel and tin-plated copper. While there is significant variation in the amplitude of the signals, the sign and general shape of the signal is similar to that of tin and is clearly different from that obtained from both copper and nickel. We have studied the effect of bonding various metals to the YIG using different epoxies. 
YIG.
The epoxy composition can play an important role in the observed M -even signal. The difference between nickel electrodes bonded with nickel epoxy (Epo-Tek N20E) and with non-conductive epoxy (Epo-Tek 377) is shown in figure 19 . It is interesting to note that the nickel impregnated epoxy is more sharply peaked at the center, similar to the results obtained from the unbonded magnetic electrodes (Fig. 15) .
We note that the signal observed for unbonded aluminum (Fig. 14) has the opposite sign to that observed with nonconductive epoxy (Fig. 19) . In the hope of minimizing the M -even effect, we mixed various fractions of aluminum flake into the non-conductive epoxy and recorded the associated M -even voltages. The results are shown in Figure 20 . Note that at about 60% aluminum by weight that the resulting signal achieves a minimum size. The cancellation is, however, not complete and results in a rather complex magnetic dependence.
IV. PHENOMENOLOGY
Based upon these studies we conclude that the M -even effect is a magnetically dependent potential generated at the interface between the garnet and the surface in immediate contact with it. Unfortunately, we have not yet been successful at formulating a theoretical model that can account for all of the rich behavior observed. However, we have identified an interesting pattern in the data. All of the curves can be approximately reproduced by superposing two distinct signals. The first is a potential that is quadratic in the observed magnetization ( Fig. 8 ) evaluated at a field shifted by H shift with respect to the applied field H:
Here A is a constant and the term M sat references the potential to zero at saturation.
H shift is a fit parameter that displaces the center of the quadratic distribution. This quadratic term generally accounts for the large and smooth central features of the observed curves.
Such an effect may be linked to the magnetostriction of the sample, or more generically to the presence of an E 2 B 2 term in the free energy, as discussed below. Once this effect is removed from the data, two symmetric "wings" remain (Fig. 21) . These have a sharp onset at a particular value of the applied field and then decay away at higher applied field.
This part of the potential may be associated with the surface of the garnet transitioning into modes II and III of the magnetization (or demagnetization) process [11] where further alignment (or depolarization) of the magnetization requires rotating the local moment away 
V. A SIMPLE MODEL
Bulk magnetoelectric effects have been observed in single-crystal YIG [12] and GdIG. [13] Because these Garnet crystals are centro-symmetric, no linear magnetoelectric effect is pos- can be parameterized by introducing a term in the free energy
where B (E) is the total magnetic (electric) field and the tensor indices have been omitted. [15] Notice that this free energy is fully allowed from symmetry considerations. Differentiation with respect to E yields the electric displacement, D:
Hence, the electric field associated with the magneto-electric effect is
where κ ≈ 15 is the dielectric constant for YIG. We imagine that the presence of the metal electrode at the YIG surface can induce a contact field E and an associated contact potential
where d is the distance that the contact field penetrates into the YIG surface. In turn, the magneto-electric field will induce a magneto-electric voltage at the surface To investigate this possibility further we observe the YIG's bulk magneto-electric response. To do this, we apply a voltage to the center electrode while the two exterior ends of the cylinder, which have been coated with conductive silver paint, are held at ground.
The signal from the center electrode is AC coupled to our detector using a 47 pF blocking capacitor and is isolated from the supply voltage by a 2 × 10
11 Ω resistor. The applied magnetic field is modulated at about 1 Hz using a triangle wave. The H-even potentials observed in our polycrystalline samples are shown in Figure 22 .
The magneto-electric response of our sample appears to be approximately quadratic in the sample magnetization and linear in the applied electric field (Fig. 23) . The ratio of the maximum magneto-electric voltage change (between the magnetization of zero and saturation) and the applied voltage is 2.4 × 10 −5 . We estimate the calibration uncertainty in this ratio to be about 10%. This ratio is a little less than half of the value reported by O'Dell for a single crystal along the 110 axis. [16] Our bulk magnetoelectric measurements suggest that to produce an effect comparable in size to the quadratic part of our observed M -even voltages (typically 100 µV) would require a potential drop at the YIG surface of about 4 Volts. This seems a bit large for a surface contact potential but is not completely unreasonable. We conclude that this attractively simple model may be adequate to account for the part of the observed M -even effect quadratic in M . The M -even "wings" remain unexplained. Further, we are not able to account for the various magnitudes and signs of the contact potential differences required to match the different electrode materials. Clearly, a more rigorous and detailed model, perhaps one that considers some of the additional mechanisms outlined in ref. [1] , will be required to achieve a quantitative understanding of the M -even effect. 
